Proteins containing extended polyglutamine repeats cause at least nine neurodegenerative disorders, but the mechanisms of diseaserelated neuronal death remain uncertain. We show that sympathetic neurons containing cytoplasmic inclusions formed by 97 glutamines expressed within human huntingtin exon1-enhanced green fluorescent protein (Q97) undergo a protracted form of nonapoptotic death that is insensitive to Bax deletion or caspase inhibition but is characterized by mitochondrial dysfunction. By treating the neurons with combined cytosine arabinoside and NGF withdrawal, we demonstrate that Q97 confers a powerful resistance to apoptosis at multiple levels: despite normal proapoptotic signaling (elevation of P-ser15-p53 and BimEL), there is no increase of Puma mRNA or Bax activation, both necessary for apoptosis. Even restoration of Bax translocation with overexpressed Puma does not activate apoptosis. We demonstrate that this robust inhibition of apoptosis is caused by Q97-mediated accumulation of Hsp70, which occurs through inhibition of proteasomal activity. Thus, apoptosis is reinstated by short hairpin RNA-mediated knockdown of Hsp70. These findings explain the rarity of apoptotic death in Q97-expressing neurons. Given the proteasomal blockade, we test whether enhancing lysosomal-mediated degradation with rapamycin reduces Q97 accumulation. Rapamycin reduces the amount of nonpathological Q25 by 70% over 3 d, but Q97 accumulation is unaffected. Interestingly, Q47 inclusions form more slowly as a result of constitutive lysosomal degradation, but fasterforming Q97 inclusions escape lysosomal control. Thus, cytoplasmic Q97 inclusions are refractory to clearance by proteasomal and lysosomal systems, leading to a toxicity that dominates over neuroprotective Hsp70. Our findings may explain the rarity of apoptosis but the inevitable cell death associated with polyQ inclusion diseases.
Introduction
Huntington's disease (HD) is an autosomal dominant disorder caused by an abnormal polyglutamine (polyQ) expansion in the N-terminal region of the Huntingtin protein (Htt). This mutation causes the protein to misfold and aggregate, leading to selective neuronal dysfunction and death (Orr and Zoghbi, 2007) . Currently, little is understood regarding the mechanisms of neuronal cell death in HD. Whereas some studies indicate the importance of apoptosis Martindale et al., 1998; Saudou et al., 1998; Sanchez et al., 1999; Jana et al., 2001; Tang et al., 2005) , others have questioned this conclusion (Jackson et al., 1998; Vonsattel and DiFiglia, 1998; Moulder et al., 1999; Turmaine et al., 2000) . Although death may proceed nonapoptotically, components of apoptosis, such as p53-activation, cytochrome c (cyt c) release, and even caspases, may still contribute to HD pathology without full-blown expression of apoptosis being evident (Ona et al., 1999; Chen et al., 2000; Jana et al., 2001; Bae et al., 2005; Wang et al., 2008) .
The mechanisms of apoptosis and their mode of suppression by survival factors are especially well understood in sympathetic superior cervical ganglion (SCG) neurons (Pierchala et al., 2004; Putcha and Johnson, 2004; Ham et al., 2005; Wyttenbach and Tolkovsky, 2006; Pierchala et al., 2007) , thus providing a good system for testing how mutant polyQ protein and the ensuing polyQ aggregation process may interact with the apoptotic pathway. Kim et al. (2004) observed that hemagglutinin (HA)-tagged polyQ127 formed nuclear aggregates whose prevalence was reduced by exogenous Hsp70 or by stabilizing endogenous Hsp70 using proteasome inhibitors. polyQ127-HA caused somal and dendrite atrophy but no death up to 7 d. Suzuki and Koike (2005) applied penetratin-linked cell-permeable peptides containing 10 or 22 polyQ repeats fused to a nuclear localization signal se-quence, observing that Q22, which is usually nontoxic, formed nuclear aggregates and suppressed Trk signaling but caused necrosis-like death rather than the anticipated apoptotic death. Why apoptotic death failed despite inhibition of TrkA-mediated survival signaling was not addressed.
Cytosolic aggregates of mutant polyQ-expanded Htt are also prevalent in HD and can perturb several vital pathways, including survival signaling downstream of Trk (Song et al., 2002) . Whether trophic signaling is disrupted in SCG neurons expressing cytosolic polyQ aggregates has not been tested. PolyQ toxicity crucially depends on the balance between aggregate formation and degradation rates (Colby et al., 2006; Williams et al., 2006; King et al., 2008) . The factors that determine the steady-state level of polyQ aggregates in SCG neurons are not known. We have modeled mutant polyQ toxicity in SCG neurons using polyQ expressed in the native context of exon1 of human Htt (Kazantsev et al., 1999; Sathasivam et al., 1999) . We report that, through its inhibition of proteasomal activity, Q97 causes Hsp70 accumulation, which in turn prevents apoptotic mechanisms at several crucial control points. Apoptosis is thereby subverted into necrosis-like death, which is not ameliorated by Hsp70 or by enhancement of the lysosomal degradation pathway using rapamycin. The dominant mode of death described here coupled to proteasome and lysosome insufficiencies may explain why the neurodegeneration observed in HD is so insidious.
Materials and Methods
Chemicals. The following chemicals were used: clasto-lactacystin ␤-lactone (␤-lactone), lactacystin, MG132, and proteasome substrate I (z-LLL-AMC; Calbiochem), Boc-(O-methyl)aspartyl-fluoromethylketone (BAF; MP Biomedicals), bafilomycin A1 (BA1) and cytosine arabinoside (AraC; Sigma), and Lipofectamine 2000, Lysotracker Red, Superscript II RNase H-Reverse Transcriptase, RNAaseOUT, and Taq polymerase (Invitrogen).
Antibodies. The following antibodies were used: neurofilament (2H3; (Developmental Studies Hybridoma Bank), proteasome 20S (PW8155; Biomol), LAMP-1 (Lgp120; gift from J. Paul Luzio, University of Cambridge, Cambridge, UK), ubiquitin (SPA-200; Stressgen), LC3 (gift from Y. Uchiyama, Osaka University Graduate School of Medicine, Suita, Osaka, Japan); Hsp70 (SPA-810; Stressgen), actin (Sigma), P-ser473-Akt, Akt, P-ser63-c-Jun, P-Thr202/Tyr204 -ERK1/2, P-Thr183/ Tyr185-JNK, P-ser15-p53, and P-ser235/236 -S6 (Cell Signaling Technology), active Bax (1D1; Neomarkers), BimEL (Millipore Bioscience Research Reagents), cyt c (BD Biosciences), CoxIV (Abcam), and green fluorescent protein (GFP) (polyclonal 8637-1, monoclonal 8371-2; BD Biosciences).
SCG and PC12 culture. Sympathetic neurons were isolated from superior cervical ganglia of postnatal day 0 -1 Wistar rat pups or mouse pups and cultured as described previously (Hawrot and Patterson, 1979; Buckmaster et al., 1991; Nobes and Tolkovsky, 1995) . Use of animals followed national guidelines and was approved by the ethical committees of the institutions. Bax-null founder mice were obtained from the late Dr. Stanley Korsmeyer (Dana Farber Institute, Boston, MA) and were used after extensive crossing into the CD1 background. Animals were genotyped as described previously (Wyttenbach and Tolkovsky, 2006) . Neuronal cells were enriched by two successive preplates on collagen-coated dishes and seeded on collagen-coated wells or coverslips in L15-CO 2 medium containing 20 M uridine/fluorodeoxyuridine, 3% rat serum or FBS, and 100 ng/ml 2.5S NGF. Cultures were maintained in a humidified atmosphere of 5% CO 2 /95% air at 37°C. Collagen from the tail tendons of obsolete adult Wistar rats was solubilized in 0.018% acetic acid, and the concentration was adjusted to an absorbance of 0.15 at 280 nm. PC12 cells were grown on collagen-coated wells as described previously (Greene and Tischler, 1976) .
Neuronal survival and apoptosis. The undersides of four-well plates were divided into nine small squares using a needle. SCG neurons were seeded at relatively low density (1500 -6000 neurons), and the number of phase bright cells was counted under phase microscopy. At least 250 neurons were counted per sample. Live cultures were stained with Hoechst 33342 (5 g/ml) to visualize nuclear morphology, and propidium iodide (5 g/ml) or trypan blue (0.08%) were used to determine plasma membrane integrity. To induce apoptosis, neurons were deprived of NGF by washing three times (10 min each) in L15-CO 2 medium containing 3% FBS but lacking NGF. The last medium change also contained 0.5% anti-NGF antiserum raised in the laboratory and, when indicated, the dominant proapoptotic drug AraC (1 mM, neutralized before addition) (Anderson and Tolkovsky, 1999) .
Adenovirus preparation and infection of neurons. E1/E3-deficient recombinant adenoviruses (Ad) (serotype 5, subgroup C), containing fulllength human Htt exon1 with polyQ fused to enhanced GFP (EGFP) at the C-terminal (abbreviated Q25, Q47, and Q97) and EGFP constructs were generated using the AdEasy system (He et al., 1998) . The number of polyQ repeats was verified by sequencing. After amplification in 293 cells, virus was purified by two rounds of ultracentrifugation on CsCl gradients, desalted on a PD-10 column, and stored at Ϫ80°C. Adenoviruses were empirically titrated for equal infectivity in SCG neurons by quantifying the number of EGFP-fluorescing cells in the presence of proteasome and autophagy inhibitors and confirmed by analyzing expression by immunoblotting (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material). To determine polyQ inclusion body load (IB), the percentage of neurons expressing GFP containing GFP-positive (GFP ϩ ) aggregates was determined. Between 300 and 500 neurons were counted per sample.
Hsp70 short hairpin RNA cloning and transfection. Hsp70 targeting sequences (Magrané et al., 2004) were cloned into pSilencer (Ambion) using the insert design tool provided by Ambion: Hsp70 #1, 5Ј-CCAAGGTGCAG- GTGAACTATTCAAGAGATAGTTCACCTGCACCTTGGGCTTTTTT-3Ј;  5Ј-AATTAAAAAAGCCCAAGGTGCAGGTGAACTATCTCTTGAATAG-TTCACCTGCACCTTGGGGCC-3Ј; Hsp70 #2, 5Ј-GCGAGAACCG-GTCGTTCTATTCAAGAGATAGAACGACCGGTTCTCGCCCTTTTTT-3Ј;  5Ј-AATTAAAAAAGGGCGAGAACCGGTCGTTCTATCTCTTGAATAG-AACGACCGGTTCTCGCGGCC-3Ј; and Scr, 5Ј-TTATTCTATTCT-CGTCAAC TTCAAGAGA GTTGACGAGAATAGAATAACCTTTTTT-3Ј;  5Ј-AATTAAAAAAGGTTATTCTATTCTCGTCAACTCTCTTGAAGTT-GACGAGAATAGAATAAGGCC-3Ј. The two oligonucleotides for each targeting sequence were annealed by heating to 100°C and slow cooling to room temperature. The annealed primers were ligated into the pSilencer 1.0-U6 vector (Ambion), which was doubly cut with ApaI and EcoRI restriction enzymes (New England Biolabs). Correct insertion of the short hairpin RNA (shRNA) targeting sequences was verified by sequencing (DNA Sequencing Facility, Department of Biochemistry, Cambridge University, Cambridge, UK). Transfection of SCG neurons and PC12 cells was performed using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer, using 1 g of each shRNA plasmid DNA mixed with 0.5 g of H2B-GFP plasmid DNA.
Quantitative reverse transcription-PCR. RNA was extracted from neurons seeded at 12,000 cells per well using the RNeasy minikit (Qiagen). cDNA was prepared from 0.5 g of RNA as described previously (Wyttenbach and Tolkovsky, 2006) and amplified using Syber Green PCR master mix (Invitrogen) and an ABI Prism PCR machine/detector (GeneTool). Mean threshold values of triplicate repeats per experiment were used to normalize the relative amount of transcript to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as control. The amount of transcript was calculated using the formula (0.5 xRNA / 0.5 cRNA ) * 100, where xRNA is mean test cDNA cycle, and cRNA is mean GAPDH cDNA cycles. The following primers were used (5Ј to 3Ј): BimEL/L/S forward, GGCCAAGCAACCTTCTGATG; BimEL/L/S reverse, GCCTTCTCCATACCAGACGG; Puma forward, TCCTCAGC-CCTCCCTGTCAC; Puma reverse, CCATTTCTGGGGCTCCAGGA; and GAPDH forward, ATTGTCAGCAATGCATCCTG; GAPDH reverse, TCAGCTCTGCGATGACCTTGCC.
Immunocytochemistry and microscopy. Dissociated SCG neurons (1500 -3000 per well) were seeded on collagen-coated glass coverslips. At the end of each treatment, cultures were fixed in 3% paraformaldehyde for 20 min, followed by three washes in PBS. Some cultures were stained with propidium iodide before fixation to mark cells that had lost plasma membrane integrity. Some cultures were postfixed in methanol at Ϫ20°C for 5 min. Cells were subsequently permeabilized (0.3% Triton X-100 in PBS with 10% goat serum) for 1 h before addition of the primary antibody. Primary antibodies were diluted in the same buffer and incubated for 1 h at room temperature or overnight at 4°C, washed four times, and incubated with the appropriate secondary antibody. Hoechst 33342 was used to visualize nuclei. Coverslips were mounted in Vectashield H-1000 (Vector Laboratories) or Fluoromount-G (Southern Biotechnology Associates). Immunostaining was analyzed by fluorescence or spinning disc confocal laser microscopy using an Olympus IX70 microscope. Images were recorded using a digital CCD camera (AstraCam) connected to an UltraView LCI confocal imaging system (PerkinElmer Life and Analytical Sciences).
Immunoblotting. Neurons (12,000 -15,000 per well) were harvested by gentle pipetting, washed in PBS, and lysed in ice-cold lysis buffer (Virdee et al., 1999) containing phosphatase inhibitors and protease inhibitors (Complete; Roche Diagnostics). The supernatant remaining after centrifugation at 9000 ϫ g for 10 min was assayed for protein (BCA kit; Sigma), the appropriate amount was denatured in SDS-PAGE sample buffer, and proteins were resolved by electrophoresis on SDS-polyacrylamide gels. Proteins were transferred to a nitrocellulose membrane (0.2 m pore size) using a semidry electroblotter. Membranes stained with Ponceau Red were photographed, blocked with 5% milk in TBST (50 mM Tris-Cl, pH 7.5, 0.15 M NaCl, and 0.1% Tween 20), and probed with antibodies diluted in TBST. Immunoreactive bands were visualized by enhanced chemiluminescence (ECL) (GE Healthcare) and exposed to Kodak X-OMAT or Fuji/Konica film. For reprobing, membranes were stripped in a solution of 0.1 M glycine, pH 3, containing 1% SDS for 30 min at room temperature, followed by extensive washing in TBST. Alter- natively, 0.1% NaN 3 was used to irreversibly inhibit the HRP signal of the secondary antibody if a primary antibody from a different species was used subsequently. Films were scanned (Hp Scanjet 5470c), and the intensity of bands was analyzed by optical densitometry using NIH Image J analysis software (http://rsbweb.nih.gov/ij/). Resolubilization of insoluble lysate fraction with formic acid. Insoluble pellets that were harvested alongside proteins extracted for immunoblotting (described above), were washed twice in PBS, and resuspended in 100% formic acid for 1-2 h at 37°C (Hazeki et al., 2000) . Formic acid was removed under vacuum centrifugation, and the solubilized material was resuspended in 20 l of sample buffer containing 0.25 M Tris base to restore alkaline pH. Resuspended proteins were separated by SDS-PAGE and immunoblotted as described above.
Proteasome assay. Dissociated SCG neurons were seeded at 60,000 cells per reaction. After 4 -6 d, neurons were infected with either Ad-Q25 or Ad-Q97 and cultured for 2 d. Cells were washed three times in PBS, and nondenaturing cytosolic extracts were prepared according to the method described previously (Kisselev and Goldberg, 2005) in 30 l of buffer Figure 2 . Q97 expression leads to the accumulation of Hsp70. SCG neurons were infected with Ad-Q25 or Ad-Q97 for 4 d, after which cells were fixed and immunostained for Hsp70 (A, red) or ubiquitin (B, red); fluorescent images show nuclei (blue) and Q25 or Q97 (green). Right column in A shows Hsp70 redistributed to IB, which occurred in ϳ35% of the neurons. Right column in B shows "hotspots" of ubiquitin staining distributed independently of IB. Note selective increase of Hsp70 and ubiquitin in Q97-but not Q25-expressing neurons. Scale bars, 10 m. C, SCG protein extracts were lysed in NP-40 buffer at days 1-4 (D1-D4) after infection. The soluble fraction was removed and the insoluble protein pellet was solubilized in formic acid as described in Materials and Methods. Both fractions were analyzed by immunoblotting with anti-GFP, to analyze the distribution of Q25 and Q97 between soluble and insoluble fractions. Arrowheads, Specific bands; asterisks, nonspecific bands. Blots from the insoluble fraction were also probed with anti-Hsp70 or anti-ubiquitin. Note specific upregulation of Hsp70 and ubiquitylated Q97, beginning from day 2 in the insoluble fraction of Q97-expressing neurons.
containing 50 mM Tris-HCl, pH 7.5, 250 mM sucrose, 5 mM MgCl 2 , 2 mM ATP, 1 mM DTT, 0.5 mM EDTA, and 0.025% digitonin. After 20 min on ice, lysates were centrifuged for 10 min at 17,500 ϫ g, protein concentration was determined by BCA analysis, and 15 g equivalents were diluted into 50 l of 26S proteasome assay buffer (50 mM Tris-HCl, pH 7.5, 40 mM KCl, 5 mM MgCl 2 , 0.5 mM ATP, 1 mM DTT, and 0.5 mg/ml BSA) in a 96-well plate. Reaction was started by adding 50 l of 200 M z-LLL-AMC (Calbiochem). AMC release was quantified using a fluorescent plate reader (FLUOstar OPTIMA; BMG Labtech) at 37°C from 1 to 30 h at 6 h intervals. Nonspecific hydrolysis was measured by adding 10 nM Figure 3 . SCG neurons die nonapoptotically in response to Q97 expression. Neurons infected with equivalent amounts of Q25 and Q97 were scored for cell death at the indicated time points by counting the number of phase-bright cells in nine selected regions. A, Mean Ϯ SD; n ϭ 3; **p Ͻ 0.01, Student's t test. B, A cohort of cultures was treated with 50 M BAF. Dashed lines are from results in A. Mean Ϯ SD; n ϭ 3; *p Ͻ 0.05, Student's t test. C, Neurons from Bax heterozygote or knock-out mice were infected with Ad-Q25 or Ad-Q97 and scored for cell death as above. Mean Ϯ range; n ϭ 2, each experiment conducted in three independently infected wells. Comparisons between triplicates in each experiment were tested using Student's t test, *p Ͻ 0.05. D, SCG neurons were costained for cyt c and CoxIV and examined by confocal microscopy on day 4. Representative images of cells expressing Q25 (top row) and Q97 (bottom row) are shown. Arrow indicates cell lacking cyt c but with clustering and condensation of mitochondria, indicated by staining with anti-CoxIV. Scale bars, 10 m. E, Quantification of the number of cells lacking mitochondrial cyt c from days 1 to 4 (mean Ϯ SD; n ϭ 2 for day 3; n ϭ 4 for days 3 and 4; comparisons by t test, ***p Ͻ 0.001). F, Neurons were treated with 10 M CsA from day 2 and analyzed for cyt c retention in mitochondria at day 4 (mean Ϯ SD; n ϭ 3; comparison of Q97 Ϯ CsA by t test, **p Ͻ 0.01).
expoxomicin for 30 min before mixing with proteasome substrate. Linearity of measurement was determined using free AMC.
Statistics. The mean value of replicates within an experiment (Ͻ10% difference) was taken as a single value when calculating SDs from multiple experiments. Usually, duplicates or triplicate wells were seeded per experiment. Multiple comparisons were made using ANOVA followed by post hoc testing (SigmaStat; Systat Software). Pairwise comparisons were conducted using two-tailed Student's t test. Either 95% confidence intervals or one-sample t test were used for calculating the significance of ratiometric values,
Results

Q97 forms insoluble cytoplasmic inclusions
SCG neurons were cultured for 4 -6 d before infection with adenovirus constructs encoding human htt exon1-EGFP fusion proteins containing polyQ stretches of 97 or 25 glutamines (abbreviated to Q97 and Q25, respectively) ( Fig. 1 ). GFP-positive neurons appeared within 24 h after infection with Ad-Q97, at first displaying mostly diffuse Q97 distribution throughout the cell but then giving rise to intensely fluorescent IBs in the cytoplasm within the next 20 h (Fig. 1 A) . After 2 d, the number of IB per cell, which ranged from 1 to 12, increased only slightly ( Fig. 1 B) , but the diameter of aggregates grew considerably, accompanied by diminished diffuse cytoplasmic Q97 fluorescence ( Fig. 1 A) . By day 3, virtually all Q97-expressing neurons contained aggregates (Fig. 1 B) . In contrast, Q25 expression remained cytoplasmic and diffuse up to 6 d (Fig. 1C,D) , consistent with previous studies in cell lines (Wyttenbach et al., 2000) . Formation of Q97 IB provoked notable changes in the organization of neurofilaments, proteasomes, and lysosomes. Neurofilaments were rearranged in both cell bodies and neurites from a filamentous form that was uniformly distributed to one encaging individual IB in 85% of the cells by day 4 (data not shown). Proteasomes were recruited to Q97 IB in 40% of the neurons after 4 d, detected with an antibody raised against 20S core subunits (Fig.  1C) . Lysosomes (detected with anti-LAMP-1) also reorganized, forming what appear as "rosettes" surrounding each IB in 37% of neurons by day 4 (Fig. 1 D) .
Formation of Q97 IB also caused changes in the expression and organization of nonstructural proteins. Hsp70 expression was significantly elevated (Fig. 2 A, C) in 85% of IB-positive neurons by day 4 (Fig. 2 A, middle column) . In ϳ35% of the neurons, Hsp70 was localized to IB, similar to the pattern of proteasomal staining (Fig. 2 A, rightmost column ). An increase in ubiquitin expression also occurred, characterized mainly by IB localization (Fig. 2 B, middle column) , although formation of cytoplasmic bodies that did not colocalize with IBs was also found in ϳ15% of cells (Fig. 2 B , rightmost column). However, massive ubiquitylation of Q97 was apparent at day 2 after infection with Ad-Q97, detected when the pellet of the NP-40 lysate, which contained insoluble Q97 IBs, was resolubilized in formic acid and analyzed by immunoblotting (Fig. 2C) . The resolubilized Q97 IB fraction also contained most of the Hsp70 immunoreactivity, which was also elevated from day 2 onward but not at 1 d after infection (Fig. 2C) , thus lagging behind IB formation by ϳ1 d. In contrast, Q25 expression neither provoked accumulation of Hsp70, nor was there any Q25 or ubiquitinylated Q25 in the pellet of the soluble fraction ( Fig. 2 A-C) . It should be noted that the apparently more rapid accumulation of soluble Q97 compared with Q25 on day 1 (Fig. 2C) was not attributable to unequal infectivity of the two viruses but attributable to ongoing, selective degradation of Q25 (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material). Hence, SCG neurons respond to Q97 expression and IB formation by rearranging proteasome and lysosomal components, by ubiquitylation of Q97, and by upregulating Hsp70, the latter two processes appearing coincidentally with increased growth of Q97 IB (from day 2 onwards).
Q97 promotes nonapoptotic cell death
We next examined the kinetics of Q97-induced toxicity (Fig.  3) . There was no difference in the rate of cell death between Q25-and Q97-expressing neurons in the first 3 d after infection with Ad-Q25 or Ad-Q97 (Fig. 3A) . By day 4, however, the number of neurons expressing Q25 had stabilized, whereas the number of Q97-expressing neurons continued to decline, ϳ80% of the neurons dying by day 6. Cell death of neurons expressing Q25 was suppressed in rat SCG neurons by addition of the pan-caspase-inhibitor BAF (Fig. 3B) . Expression of Q97 does not inhibit NGF-mediated signaling. SCG neurons expressing Q25 or Q97 were lysed at days 1-4 (D1-D4), and soluble extracts were analyzed by immunoblotting for expression/phosphorylation of various signaling proteins. A, Analysis of P-ser473-Akt (P-Akt), P-ERK1/2 (P-ERK), total ERK (tERK) (as loading control), Hsp70, P-JNK, P-ser63-c-Jun (P-c-jun), and BimEL. Note increased P-c-Jun and BimEL expression in Q97-expressing neurons beginning at day 2 but similar amounts of P-JNK (that decline with time) in both sets of neurons. B, NGF (ϩN, ϪN) was removed (as described in Materials and Methods) from cohort Q25-and Q97-expressing cultures for 24 h between days 2 and 3 and analyzed for expression of P-Akt and P-ERK, with tERK as loading control. Note similar reduction in phosphokinase staining in NGF-deprived neurons of both sets.
and Deshmukh, 2007) . These data indicate that the early toxicity that occurred after infection with Ad-Q25 was apoptotic. However, there was no rescue of rat Q97-expressing neurons by the caspase inhibitor BAF or of Q97-expressing neurons from Bax Ϫ/Ϫ mice. Hence, Q97-expressing SCG neurons died nonapoptotically, in a Bax-and caspaseindependent manner.
To better define the course of events leading to Q97-induced nonapoptotic death, neuronal cultures were stained for cyt c a key step in death commitment. Within 4 d from the onset of Q97 expression, up to 80% of the neurons lost immunostaining for cyt c compared with 20% of Q25-expessing neurons (Fig.  3 D, E) . Figure 3D shows that mitochondria in Q97-expressing neurons that had lost cyt c staining were condensed and clustered (as monitored by CoxIV staining) rather than absent as would occur in the case of mitophagy (Xue et al., 2001) . Coincidental with cyt c loss, neurons containing Q97 IBs did not load the membrane potential-sensitive dye mitotracker orange, suggesting an association between dissipation of mitochondrial membrane potential and cyt c loss (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material). Consistent with loss of mitochondrial membrane potential, neurons containing Q97 IB showed intense fluorescence of ethidium cation 2 d after loading cells with dihydroethidium (Budd et al., 1997) . No ethidium accumulated in Q25-expressing neurons (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material).
Cyclosporine A (CsA) has been used to rescue SCG neurons from nonapoptotic death after loss of mitochondrial membrane potential and cyt c release (Chang and Johnson, 2002) . Addition of CsA 2 d after infection prevented mitochondrial dysfunction in approximately half of Q97-expressing neurons at day 4 (from 80 to 45%), assessed by the loss of mitochondrial cyt c ( p Ͻ 0.01) (Fig. 3F ) , whereas untreated neurons were unaffected. These data are consistent with involvement of the permeability transition pore in the nonapoptotic death, although the marked toxicity of CsA to Q25-expressing cells precluded additional examination of this question. Thus, delayed nonapoptotic death is correlated with mitochondrial dysfunction.
Trk-mediated signaling is not reduced by Q97, but death-associated signals are elevated SCG neurons depend on NGF signaling via Akt and extracellular signal-regulated kinase (ERK) for trophic and survival support (Tsui-Pierchala et al., 2000) . In SCG neurons expressing a Q22-NLS peptide (Suzuki and Koike, 2005) , NGF-induced Trk signaling was reduced before toxicity. We therefore first examined whether expression of Q97 caused a deficiency in NGF signaling, which may explain why neurons die. However, Figure 4 A shows that there was no change in Akt or ERK phosphorylation. Moreover, phosphoryla- Student's t test) . C, Uninfected (Un), Q25-expressing, and Q97-expressing neurons express apoptotic signals in response to A/-N. Neurons were left untreated or treated from days 2 to 3 with 1 mM AraC in the absence of NGF (A/-N). BAF (50 M) was added to all cultures to prevent loss of neurons undergoing apoptosis. Extracts were probed for P-ser15-p53, BimEL, and Hsp70, using tERK as loading control. D, A/-N induces Bax activation only in neurons devoid of IB. Neurons were infected with Ad-Q25, Ad-Q47, or Ad-Q97, and Bax activation was detected by immunostaining for active Bax with anti-Bax 1D1 (red); nuclei stained with Hoechst are in blue, and expression of Q25, Q47 (inset), and Q97 is indicated in green. Note normal Bax activation in Q47-expressing neurons. E, RT-PCR detection of Puma and Bim mRNA. Uninfected neurons or neurons expressing Q25 or Q97 for 2 d were left untreated or treated with 1 mM AraC in the absence of NGF but in the presence of 50 M BAF for 12 h. The amount of mRNA was normalized to control GAPDH mRNA for each extract, setting the values from uninfected controls to 1 to calculate fold change. Mean Ϯ SD; n ϭ 3; p Ͻ 0.05, ANOVA; p Ͻ 0.05 versus control Tukey's honestly significant difference test except Q97/Puma, which was not significantly changed.
tion of Akt and ERK1/2 was reduced after NGF deprivation, demonstrating that NGF signaling was constitutively active in Q97-expressing neurons (Fig. 4 B) . Hence, it is unlikely that Q97-expressing neurons die as a result of lack of trophic support by NGF. There was also no difference in the extent of c-Jun N-terminal protein kinase (JNK) phosphorylation between Q25-and Q97-expressing neurons, P-JNK being reduced between days 2 and 4, consistent with the presence of NGF-mediated signaling (Virdee et al., 1997) . However, a notable difference between the signals present in Q25-and Q97-expressing neurons was the selective elevation of between 6-and 10-fold in P-ser63-c-Jun and BimEL expression in Q97-expressing neurons beginning at day 2 (Fig. 4 A) . Both proteins have been implicated in SCG neuron death after NGF deprivation (Ham et al., 2005) and are signals that are normally suppressed by NGF (Virdee et al., 1997; Biswas and Greene, 2002) . However, both proteins accumulate after proteasomal inhibition regardless of receptor signaling (JarielEncontre et al., 1995; Biswas and Greene, 2002) . In preliminary experiments, proteasome inhibition with lactacystin also induced P-ser63-c-Jun (M. A. King, unpublished data). Thus, Q97 causes a dominant toxic signal that overrides the survival signals induced by NGF.
Q97-expressing neurons are resistant to death induced by simultaneous NGF deprivation and AraC addition
The finding that Q97 induced mitochondrial cyt c loss but no apoptosis prompted us to test whether the neurons would die by apoptosis when exposed to a potent proapoptotic signal, achieved by simultaneous withdrawal of NGF and cotreatment with AraC (abbreviated to A/-N) (Anderson and Tolkovsky, 1999) . Figure 5 shows that 75% of Q25-expressing neurons treated with A/-N died apoptotically within 1 d (Fig. 5 A, B) , displaying typical apoptotic nuclear fragmentation also observed in uninfected neurons treated with A/-N (Fig. 5A) . However, Ͻ10% of nuclei of Q97-expressing neurons showed any nuclear aberrations during exposure to A/-N ( Fig. 5 A, B) . Additionally, Q97-expressing neurons failed to be labeled by terminal deoxynucleotidyl transferase-mediated nick end labeling, whereas apoptotic nuclei were strongly labeled (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). There was no defect in proapoptotic signaling induced by A/-N, because treatment with A/-N induced equivalent increases in P-ser15-p53 and BimEL (Wyttenbach and Tolkovsky, 2006) in uninfected, Q25-and Q97-expressing neurons (Fig. 5C ). However, there was little activation and recruitment of Bax to mitochondria in Q97-expressing cells treated with A/-N, evidenced by staining with 1D1 antibody, which reveals exposure of the N terminus in active Bax (cells displaying mitochondrial 1D1-positive Bax rising from 10 Ϯ 5 to 14 Ϯ 5%, mean Ϯ range; n ϭ 2) (Fig. 5D) , whereas most uninfected neurons showed intense Bax immunostaining at the mitochondria (86 Ϯ 6%, mean Ϯ range; n ϭ 2). Interestingly, ϳ66% of the neurons expressing Q47, which did not form insoluble IBs during this period, did display Bax activation (Fig. 6 D) . Hence, the deficit in activation of Bax translocation to the mitochondria appears to depend on IB formation.
BH3-only proteins regulate Bax translocation to the mitochondria (Adams and Cory, 2007) . We have shown previously that Puma is the crucial BH3-only protein that mediates AraCinduced (p53-dependent) apoptosis as well as Ͼ60% of apoptosis induced by NGF deprivation, the remainder being Bim dependent (Wyttenbach and Tolkovsky, 2006) . Puma-induced apoptosis requires its transcriptional activation. An analysis of Puma mRNA by quantitative reverse transcription (RT)-PCR 3 d after infection showed that treatment with A/-N for 12 h was sufficient to cause a sixfold increase in Puma mRNA in Q25-expressing neurons, whereas there was no significant increase in Puma mRNA expression in Q97-expressing neurons (Fig. 5E ). Q97 expression did not inhibit transcription per se, because Bim mRNA was still elevated fourfold to eightfold in Q97-expressing neurons in the absence or presence of A/-N treatment, similar to the fivefold increase in Bim mRNA induced by A/-N in Q25-expressing neurons (Fig. 5E ). To examine whether the lack of Puma was limiting the amount of Bax recruited to the mitochondria and thus the reason for lack of apoptosis in response to A/-N, neurons were infected with Ad-Puma and, after 24 h, were inspected for Bax recruitment. Indeed, Bax was recruited to mitochondria and activated in 38 Ϯ 6% of Q97-expressing neurons (mean Ϯ range, two independent experiments, duplicate independent infections) (Bax activation shown in supplemental Fig. S4 , available at www. jneurosci.org as supplemental material), and yet Q97-expressing neurons failed to die by apoptosis, the nuclei remaining intact. These data, together with the data shown in Figure 2 , demonstrate that there is a strong correlation between the presence of Q97 IB and suppression of apoptosis, which may be mediated through at least two mechanisms: (1) by suppression of transcriptional upregulation of Puma, thereby preventing Bax activation, and (2) by suppressing caspase activation downstream of Bax activation.
Hsp70 induction is responsible for the resistance of Q97-expessing cells to apoptotic treatments
Hsp70 is known to inhibit apoptotic death by interfering with signals that lie both upstream and downstream of mitochondrial outer membrane permeabilization during induction of apoptosis (Beere and Green, 2001) . To test whether Q97-mediated upregulation of Hsp70 is responsible for evoking antiapoptotic effects against A/-N treatment, we transfected the neurons with plasmids encoding Hsp70 shRNA constructs (#1 or #2) or a nonspecific shRNA as control and then infected 4 Figure 6 . Hsp70 shRNA reduces Q97-induced Hsp70 expression and enables apoptosis. SCG neurons were cotransfected with respective shRNA constructs and either H2B-GFP or H2B-mRFP using Lipofectamine 2000 at 1 d after seeding. On day 2, neurons were either infected with Ad-Q97 and treated on day 4 with A/-N as indicated or treated with 4 M lactacystin on day 3.5 and then treated with A/-N at day 4. Neurons were then fixed and then immunostained for Hsp70 and/or scored for apoptotic nuclei. A, Example of Q97 ϩ neurons expressing H2B-GFP that were cotransfected with Hsp70 shRNA (top row) or control shRNA (bottom row); arrow indicates H2B-GFP-positive nucleus undergoing apoptosis in which Hsp70 is downregulated by the Hsp70 shRNA but is not maintained attributable to transfection with control shRNA. Arrowhead indicates Q97 IBs. B, Schematic of treatment regimen. Examples of Q97 ϩ neurons expressing H2B-GFP or H2B-mRFP that were cotransfected with Hsp70 shRNA, treated with A/-N, immunostained for Hsp70, and scored for apoptosis (indicated by arrows). C, Quantitation of apoptosis in untreated or A/-N-treated Q97 ϩ neurons expressing control (Cntl), Hsp70 #1, or Hsp70 #2 shRNA. Mean Ϯ SD; A/-N-treated, n ϭ 5 (nonspecific shRNA) or n ϭ 6 (Hsp70 #1, Hsp70 #2) independent infections/transfections; untreated, n ϭ 3 independent infections/ transfections. Student's two-tailed t test: p Ͻ 0.0004 Scr control versus Hsp70 #1; p Ͻ 0.02 versus Hsp70 #2. D, Example of neurons treated with lactacystin (Lact) 12 h before treatment with A/-N for 24 h. Arrow indicates an apoptotic neuron expressing H2B-GFP cotransfected with Hsp70 shRNA and a healthy neuron expressing H2B-GFP cotransfected with nonspecific shRNA. E, Graph shows quantification of apoptosis in one experiment conducted as in D. F, PC12 cells were transfected with the indicated Hsp70 or control shRNAs in combination with H2B-mRFP or with empty vector and H2B-mRFP (Ϫ) at a ratio of 2:1 plasmid DNA were cultured for 48 h, after which one cohort was treated with 2 M ␤-lactone for 14 h. Extracts were immunoblotted for Hsp70. Scr (scrambled) is the loading control. Ponceau stainings are shown as loading controls. G, Example of PC12 cells expressing Hsp70 #1 shRNA and H2B-mRFP, showing ϳ50% prevalence in the population. Scale bars, 10 m.
neurons with Ad-Q97 the following day. We cotransfected H2B-GFP or H2B-monomeric red fluorescent protein (mRFP) together with the shRNAs to assess nuclear morphology of transfected cells (Goemans et al., 2008) . Figure 6 A shows that shRNA against Hsp70 reduced the amount of Hsp70 expressed in Q97 ϩ neurons to below detectable levels compared with the strong induction of Hsp70 in Ad-Q97 infected cells transfected with the nonspecific shRNA construct. Some Q97 ϩ neurons in which Hsp70 was downregulated contained apoptotic nuclei (Fig. 6 A) . Concomitant with the suppression of Hsp70 upregulation, treatment with Hsp70 -shRNA resensitized neurons containing Q97 IB to undergo apoptosis when treated with A/-N for 24 h between days 4 and 5 (Fig. 6 B) , indicated by the significant increase of fragmented mRFP-H2B-labeled nuclei (to 32% for #1, 29% for #2) compared with neurons expressing the nonspecific shRNA (12%) (Fig. 6C) . Hsp70 shRNA also induced apoptosis of 30 -40% neurons when lactacystin, which elevated Hsp70 (Fig. 7C) , was added 12 h before addition of A/-N (Fig. 6 D, E) . To demonstrate the efficacy of the shRNA, we transfected PC12 cells with the three constructs and probed for Hsp70 by immunoblotting (Fig. 6 F, G) . Approximately 50% of the cells were H2B-GFP positive, and, accordingly, there was ϳ50% decrease in the intensity of Hsp70 in PC12 cells induced to express Hsp70 by treatment with ␤-lactone. Basal expression of Hsp70 was very low, but it was still possible to demonstrate a reduction in expression in cells expressing the specific shRNA constructs. Thus, elevation of Hsp70 in response to expression of Q97 is a major barrier to execution of apoptosis in response to A/-N.
Hsp70 accumulation is attributable to inhibition of proteasome function by Q97
We next investigated why Hsp70 accumulated in Q97-expressing neurons. We suspected that Hsp70 accumulates as a result of proteasome inhibition because Kim et al. (2004) reported that inhibition of proteasomal activity is sufficient to increase Hsp70 expression in SCG neurons. Moreover, we found a coincident increase in Hsp70 accumulation, recruitment of proteasomes to Q97 IBs, and an increase in the proteasomal substrates P-ser63-c-Jun and BimEL under conditions when they are normally suppressed, i.e., in the presence of NGF. Furthermore, consistent with induction of Hsp70, Bim, and c-Jun mRNA by proteasome inhibition (Butts et al., 2005; Yew et al., 2005; Concannon et al., 2007) , we found an induction of their mRNAs (supplemental Fig.  S5 , available at www.jneurosci.org as supplemental material). Notably, the relative elevation in P-ser63-c-Jun protein induced by Q97 was much higher than that of c-Jun mRNA, indicating that at least part of the protein accumulation was attributable to inhibition of proteasomal degradation. We tested whether proteasomal activity was inhibited by Q97 using two different assays (Fig. 7) . We first investigated whether Q97 expression impairs general protein degradation after methionine starvation, a condition in which amino acids are generated during the first few hours via proteasome activity rather than autophagy (Vabulas and Hartl, 2005) . Neurons expressing Q25 or Q97 for 2 d (when Hsp70 is first increased) were labeled with [
35 S]methionine in methionine-free medium for 1 h and chased in unlabeled medium containing methionine for 1 h (to provide a reference point) or 11 h (to observe the bulk fraction) (Franklin and Johnson, 1998 ). Uninfected and Q25-expressing neurons showed a similar loss of TCA-precipitable 35 S-labeled proteins during the 11 h chase period of 48 or 40%, respectively (Fig. 7A) . Q97 expression, however, clearly reduced loss of 35 S-labeled proteins by approximately fourfold, to ϳ10% (Fig. 7A) , similar to the reduction caused by the proteasomal inhibitor lactacystin. We also assayed proteasomal activity using the proteasomal substrate z-LLL-AMC. Neurons expressing Q97 showed a significant 30% reduction in the rate of hydrolysis of z-LLL-AMC compared with Q25-expressing cells (Fig. 7B) . Consistent with the idea that proteasome inhibition was mediating the increase in Hsp70 (Kim et al., 2004) , the amount of soluble Hsp70 was increased by the inhibitor ␤-lactone in Q25-and Q97-expressing neurons within 1 d after infection (Fig. 7C) , before the time (day 2) when Q97 causes Hsp70 induction on its own (Fig. 2C) . It is interesting to note that the Hsp70 that accumulated as a result of treatment with ␤-lactone at day 1 was entirely soluble. Thus, the presence of Hsp70 in the insoluble fraction at days 2-4 (Fig. 2C) is likely attributable to the accumulation of insoluble Q97.
Given that Q97 inhibited proteasomal activity and Hsp70 has been shown to inhibit Q127-HA accumulation (Kim et al., 2004) , we investigated whether deliberate inhibition of proteasomal activity would alter the accumulation of Q97 or Q25. Figure 7C shows that the amount of Q25 was increased approximately fourfold in response to ␤-lactone, indicating its turnover via the constitutive proteasome system. However, there was no increase in the amount of insoluble Q97. Rather, there was a small reduction in soluble Q97, possibly attributable to Hsp70 accumulation (Kim et al., 2004) . Hence, degradation of insoluble Q97 is impervious to proteasome activity. To further demonstrate proteasome inhibition by Q97, we also coexpressed Q97 with Q25, or with Ad-Rous sarcoma virus promoter-driven GFP, reasoning that Q97 expression will prevent the degradation of the latter proteins via the proteasome. Figure 7D shows that the amount of Q25 or EGFP increased dramatically during coexpression with Q97, consistent with inhibition of proteasome by Q97. Thus, we propose that proteasomal inhibition by Q97 IBs is the likely cause of Hsp70 accumulation, which, in turn, subverts the death mechanism away from apoptosis, despite the release of cyt c from the mitochondria by as yet undefined mechanisms. Other apoptotic mechanisms upstream of cyt c release are also subverted by Q97, demonstrated by the lack of Bax recruitment to mitochondria.
Lysosomal activity can modify the amounts of Q25 and Q47 but not that of Q97 Because Q97-expressing neurons die despite the presence of Hsp70 and the proteasomal system was already inhibited, we wondered whether we could reduce the amount of insoluble Q97 accumulation by manipulating the lysosomal system (Williams et al., 2006) . We first examined whether lysosomal activity regulates polyQ protein turnover. The Hϩ ATPase inhibitor bafilomycin A1 (BA1) disables lysosomal degradation by inhibiting lumen acidification (Dröse and Altendorf, 1997) . Treatment with BA1 increased the amount of soluble Q25 by fivefold within 24 h after onset of expression, indicating that constitutive lysosomal activity contributes to Q25 degradation (Fig. 8 A) . Efficient lysosomal inhibition by BA1 was confirmed by the accumulation of LC3-II, a lysosomal-targeted autophagosome-associated protein whose degradation by lysosomes is blocked by BA1 (Tanida et al., 2005) (Fig. 8 A) . However, BA1 caused no marked change in the amount of soluble Q97 during the first 22 h after infection, nor did it induce a significant change in the percentage of neurons with Q97 IBs, although there was a notable trend toward more insoluble Q97 (Fig. 8 B) and more cells with Q97-positive IBs (data not shown; 0.05 Ͻ p Ͻ 0.1). It may be that the rate at which Q97 IBs form exceeds the rate at which aggregates can be turned over by lysosomes during this brief period. In keeping with this idea, BA1 caused a large, more than fourfold increase in the amount of insoluble Q47 from near undetectable levels within 24 h (Fig. 8 A) . Likewise, whereas no Q47-positive IBs were detectable in the absence of BA1 after 24 h, ϳ11% of neurons contained Q47-positive inclusions after treatment with BA1 (Fig.  8 B) . We next asked whether we could increase the degradation of Q97 by treatment with rapamycin, which activates the lysosomal degradation pathway (Williams et al., 2006) . Figure 8 shows that rapamycin decreased the amount of Q25 within 3 d by 70%.
However, there was no reduction in the amount of soluble or insoluble Q97. Evidence that rapamycin was active is shown by the lack of S6 phosphorylation (Fig. 8C ) in both Q25-and Q97-expressing cells. Note also an increase in LC3-II in the rapamycin-treated samples, indicating the activation of autophagy. Hence, other mechanisms and/or longer periods of treatment may be required to clear Q97 and reduce its input and toxicity.
Discussion
This study sought to model mutant polyQ toxicity in a well defined neuronal system to delineate pathways involved in the pathogenesis and execution of neuronal death. Our results provide a novel molecular mechanism that explains how mutant polyQ forces neurons into necrotic-like death.
Previous studies using sympathetic neurons to study polyQ accumulation and toxicity used polyQ constructs that yielded nuclear inclusions (Kim et al., 2004; Suzuki and Koike, 2005 ). In our model, Q97 formed exclusively cytosolic aggregates, thereby providing a novel background on which to study polyQ toxicity. The difference in subcellular localization of inclusions between this and previous studies is likely attributable to the increased size of our protein and the rapidity of its aggregation into insoluble IB (Jana et al., 2001) . Analysis of Q97 IB formation suggests that a small number of nucleation events per cell attract the remainder of newly synthesized Q97 into IBs (Colby et al., 2006) . Consistent with features of cytosolic aggresomes, cytoplasmic Q97 IBs redistributed the neurofilament network, proteasomes, and lysosomes (Johnston et al., 1998; Taylor et al., 2003; Iwata et al., 2005a,b) .
Mutant Q97, but not Q25, robustly induced Hsp70 from 2 d onward, which accumulated in the insoluble fraction together with massively ubiquitylated Q97. We propose that Hsp70 accumulated as a result of Q97-mediated proteasomal inhibition based on the following criteria. (1) Protein degradation was similarly inhibited by lactacystin and by Q97 after 2 d. (2) Proteasomal activity was inhibited in lysates from Q97-expressing cells by 30% compared with lysates from Q25-expressing neurons. (3) Some Q97-expressing cells formed ubiquitin-positive bodies that were dissociated from sites of polyQ aggregation, a feature noted after proteasome inhibition in other neuronal systems (Rideout et al., 2001) . (4) 35 S]methionine and described in Materials and Methods. After 1 h, cells were washed, medium was replenished with unlabeled methionine, and the amount of TCA-precipitable 35 S-labeled protein remaining in the neurons was determined after 1 h or 11 h of incubation. Results show the proportion of label retained in the neurons 11 h after onset of chase normalized to values obtained after 1 h [mean Ϯ SD; n ϭ 4, Q25, Q97; n ϭ 3 uninfected (Uninf) or lactacystin (Lact) treated; p Ͻ 0.012 by ANOVA; pairwise comparisons by t test]. B, Proteasomal activity assay. Neurons expressing Q25 or Q97 for 2 d were extracted in proteasome assay buffer, normalized for the amount of protein, and incubated for 30 h with z-LLL-AMC. Control neurons were treated with 20 M epoxomycin (epox) over the same period to measure maximal activity. Activity was measured in a fluorescent plate reader (mean Ϯ range; n ϭ 2; p Ͻ 0.05, one-sample t test). C, Proteasome inhibition causes accumulation of Q25 and Hsp70. Neurons were infected with Ad-Q25 or Ad-Q97 and after 90 min were treated with 4 M ␤-lactone when indicated for 20 h. Soluble fractions were analyzed by immunoblotting for expression of Q25/Q97 with anti-GFP or Hsp70 expression. Loading was controlled with anti-tERK1/2. Note accumulation of Q25 and Hsp70 in the soluble fraction in ␤-lactone-treated neurons but no parallel increase in the amount of Q97. The insoluble fraction was probed with anti-GFP and anti-ubiquitin. Note no change in the amount of Q97 or ubiquitylated Q97 in ␤-lactone-treated neurons. D, Q97 causes accumulation of Q25 or GFP. SCG neurons were infected with Ad-Q25 or Ad-GFP alone or coinfected with Ad-Q97 and cultured without additional treatment for 24 h. Soluble fractions were analyzed by immunoblotting with anti-GFP antibodies. Note increased amounts of Q25 or EGFP only under conditions in which Q97 was coexpressed. Bottom panels show actin and Ponceau S staining as loading controls.
same kinetics as Hsp70, although Akt, ERK, and JNK phosphorylation were unchanged in Q25-and Q97-expressing cells (although increased mRNA may explain part of the protein accumulation). (6) Q97 prevented degradation of Q25 and EGFP, similarly to ␤-lactone. Q97 may cause proteasome inhibition by direct sequestration and inhibition of 26S proteasomes and/or indirectly by sequestering and preventing the recycling of ubiquitin. The finding that mutant polyQ in either the nuclear or cytoplasmic compartment reduces proteasome activity globally (Bennett et al., 2005) supports an indirect mode of inhibition.
Proteasome inhibition has diverse effects on different neuronal populations. Cultured mouse SCG neurons die apoptotically during proteasome inhibition, showing Bax activation, cyt c release, and caspase activation (Lang-Rollin et al., 2004) . However, under similar conditions, rat SCG neurons may survive NGF deprivation during acute withdrawal (Sadoul et al., 1996) but ultimately die nonapoptotically (with some apoptotic features) (Lang-Rollin et al., 2008) . In our hands, Q97 expression did not reproduce all the effects of proteasome inhibition because Lang- Rollin et al. (2008) found that CsA had no protective effect on proteasome-inhibition-mediated death, whereas we found that Q97-mediated cyt c release was delayed by treatment with cyclosporine A. Hence, Q97 causes additional signals in SCG neurons. Q97-expressing neurons showed an enhanced rate of cell death compared with Q25-expressing cells from day 3 to day 6. This death was nonapoptotic, because death kinetics were unchanged in rat neurons treated with the pan-caspase inhibitor BAF or in Bax-null mouse neurons. Despite retaining robust NGF-mediated survival signaling up to day 4 after infection, Q97-expressing neurons accumulated the proapoptotic proteins P-ser63-c-Jun and BimEL (Ham et al., 2000; Putcha and Johnson, 2004; Ham et al., 2005) , which have also been linked to the vulnerability of striatal neurons to mutant huntingtin (Garcia et al., 2004; García-Martínez et al., 2007) . Normally, NGF signaling via Akt and ERK inhibits c-Jun and BimEL expression (Virdee et al., 1997; Whitfield et al., 2001; Besirli et al., 2005) , but, by inhibiting proteasomal activity, these proteins can accumulate until they overpower the suppressive effects of NGF, just as p53 can overcome NGF/ERK-mediated neuroprotection (Anderson and Tolkovsky, 1999) .
Despite c-Jun and Bim elevation, neither mitochondrial Bax translocation nor caspase activation was observed. Rather, uncoupling of the apoptotic pathway was demonstrated by the absence of apoptosis after cotreatment with NGF withdrawal and AraC (A/-N). This occurred despite induction of the expected death-signaling network (intense P-ser15-p53 and additional BimEL upregulation). Because Puma expression is a critical factor for AraC-and NGF-withdrawal-induced apoptosis (Wyttenbach and Tolkovsky, 2006) and can also mediate death during proteasome inhibition (Concannon et al., 2007) , we investigated whether its expression was altered by Q97. We found that Q97-expressing neurons were specifically defective for the induction of Puma mRNA. A deficit in global transcription was excluded because RNA synthesis, measured by [ 3 H]uridine incorporation, was not affected (King, 2007) . Interestingly, Suhr et al. (2001) showed that p53 and SP1, a cofactor required for Puma induction, may be inhibited by sequestration into cytosolic or nuclear polyQ aggregates, perhaps reflecting a more widespread depression of specific transcriptional circuits. Indeed, a delayed, atypical form of nonapoptotic cell death attributable to transcriptional repression (TRIAD) was described in cortical, cerebellar, and striatal neurons and HD mice (Hoshino et al., 2006) . The localization of p53-related factors remains to be studied in Q97-expressing neurons. However, even when overexpressed Puma overcame the block in Bax activation, Q97-positive neurons remained refractive to apoptosis, indicating the presence of an overwhelming survival factor in this system.
We propose that Hsp70 is this antiapoptotic factor, because shRNA-mediated Hsp70 knockdown facilitated the induction of apoptosis by A/-N in Q97-expressing neurons. Apoptosis by Hsp70 shRNA was also induced in the absence of A/-N (King, 2007) . Hsp70 is pluripotent, protecting cells against apoptosis at multiple levels, including JNK activity suppression (Salehi et al., 2006; Bienemann et al., 2008) , Bax translocation (Stankiewicz et al., 2005) , cyt c release (Creagh et al., 2000) , apoptosome assembly (Beere et al., 2000; Saleh et al., 2000) , and caspase activation (Mosser et al., 1997) . JNK activation remained intact in Q97-expressing neurons, eliminating its suppression by Hsp70 as the reason for apoptosis inhibition. However, the pluripotency of Hsp70 may explain why apoptosis remained inhibited even after enforced expression of Puma, Bax activation, and cytochrome c release. Previously, Kim et al. (2004) showed that overexpression of active Hsp70 or treatment of SCG neurons with lactacystin reduced the percentage of neurons with nuclear polyQ127-HA IBs, in keeping with the role of Hsp70 as a molecular chaperone. In our system, however, Q97 accumulation was likely exacerbated because of inhibition of proteasomal activity despite expression of Hsp70. Perhaps the chaperone capacity of Hsp70 is overwhelmed in Q97-expressing neurons, thereby leaving polyQ accumulation derepressed (Sakahira et al., 2002) .
Given that Hsp70 accumulation failed to disaggregate Q97 IBs, we wondered whether lysosomal clearance could be stimulated with rapamycin, because inhibition of pathological polyQ accumulation, or enhanced clearance of mutant protein, may be paramount for long-term protection of CNS neurons in HD (Williams et al., 2006) . Evidence that constitutive lysosomal activity controls the steady-state expression of these proteins was deduced from the finding that bafilomycin A1, a lysosomal inhibitor, increased soluble Q25 expression, and accelerated Q47 (and to a lesser extent Q97) IB formation. However, under conditions of continued polyQ synthesis, rapamycin decreased the amount of Q25 but not that of Q97, which may be attributable to the rapid insolubility of Q97.
The actual mechanism of Q97-induced death remains to be elucidated. Suzuki and Koike (2005) described a necrotic-like death after expression of penetratin-polyQ22-GFP and found mitochondrial dysfunction (also noted in the Q97-expressing neurons) and perturbed calcium homeostasis. Recently, a Drosophila model of HD with exclusively cytoplasmic inclusions showed calcium perturbations before degeneration (Romero et al., 2008) . Whether proteasomal activities are inhibited and/or Hsp70 accumulates in these neuronal models remains to be investigated. However, in keeping with the importance of Hsp70 in defining neuronal susceptibility to HD, Tagawa et al. (2007) reported an inverse correlation between the relative amount of Hsp70 in neuronal subtypes and susceptibility to mutant huntingtin-induced cell death in a mouse HD model. In support, our preliminary experiments did not find a comparable rise in Hsp70 in Q97-expressing striatal neuron cultures versus SCG neurons (A. M. Tolkovsky, unpublished data). Apoptotic neuronal death in HD may therefore be restricted to those areas of the brain that fail to sufficiently upregulate Hsp70, underlining the characteristic neuronal vulnerability of the striatum, perhaps aided by calcium perturbations induced by excitotoxicity (Zeron et al., 2004; Tang et al., 2005) . Because Q97-expressing SCG neurons released cytochrome c before death, studies reporting the protective effect of caspase inhibition or suppression of cytochrome c release in HD transgenic mice may reflect the benefit of preserving vulnerable neurons before the onset of death that proceeds by nonapoptotic mechanisms (Ona et al., 1999; Chen et al., 2000; Wang et al., 2008) . Recently it was shown that Hsp70 overexpression and reduction of soluble input operate via separate mechanisms in an HD model and both are crucial for neuronal rescue (McLear et al., 2008) . However, Hsp70 affords a window of opportunity to treat neurons with factors that reduce polyQ expression and toxicity.
